Abstract: Integration of stimuli-responsive materials into microfluidic systems provides a means to locally manipulate flow at the microscale, in a non-invasive manner, while also reducing system complexity. In recent years, several modes of stimulation have been applied, including electrical, magnetic, light and temperature, among others. To achieve remote control of flow in microfluidics using external stimulation, two main approaches have emerged in the recent years: 1. Control of flow through stimuli-induced actuation of microfluidic components (valves, pumps, mixers, flow sorters), most often fabricated from soft polymeric materials; 2. Stimuli-controlled manipulation of discrete micrometer-sized "vehicles" (droplets, beads, Janus particles, etc.) through localized induced changes in wettability or surface tension.
Introduction
Since the onset of research into microfluidics during the 1990s, there has been much progress made in the generation and control of flow in micrometre-sized devices. [1, 2] The aim of these tiny devices is to perform complex biological and chemical tasks on a single chip. [3] Advantages of this approach include a significant reduction in reactant volume (down to microlitres or even picolitres), parallel processing of multiple analytes, portability, [4] multistage automation, [5] single cell sampling [6] and manipulation. [7] Therefore, the potential for microfluidic devices is tremendous. Nevertheless, the microfluidics field is still very much in its infancy and a number of areas are constantly under heavy investigation, including micro-fabrication, component integration, device generalisation and fluid flow and control. [8] Despite considerable advances in recent years, fluid handling on microfluidic chips still relies, in many cases, on macroscopic external control boxes containing power supplies, high power sources, sensing elements and complicated control systems based on external computers and/or electronics. [9] While there are still many challenges facing this field, there have been a number of revolutionary approaches, one of the most exciting of which is the incorporation of stimuli-responsive actuators within the fluidics, to achieve integrated fluid handling on-chip. This approach can result in flow control, [10, 11] mixing, [12] flow sorting, [13] pumping [14] and even sensing components fully integrated into the microfluidics chip [15] . Recent exciting developments in stimuli-responsive materials, and particularly stimuli responsive polymers and surfaces make microfluidics a great platform for demonstrating the capabilities and highlighting the functionality of these materials. [16, 17] Indeed, the microfluidic platform generally enhances the functionality of smart materials by offering faster kinetics and shorter reaction times due to increased surface to volume ratios; improved interfacial and chemical interactions; dominant surface tension and capillarity effects and efficient absorption of electro-magnetic radiation.
To date, the main approaches to achieve flow control in microfluidic devices using stimuliresponsive materials, include:
1. The indirect approach, where flow control is realized through stimuli-induced actuation of microfluidic components (valves, pumps, mixers, flow sorters), most often fabricated from soft polymeric materials or polymer thin films;
2. The direct approach, where discrete micrometre-sized droplets are externally manipulated through stimuli-induced changes in wettability or surface tension. This chapter will focus on these particular approaches for stimuli-controlled fluid control and microvehicle movement, with the motivation of identifying and comparing current state of the art methodologies and offering the reader an up-to-date view of this exciting research area.
Control of flow through stimuli-induced actuation of microfluidic components
The most commonly used stimuli-responsive actuators in microfluidic devices are based on multilayer polymer films or soft polymer hydrogels. Although the actuation mechanism of these two classes is considerably different, they offer similar functionality to microfluidic devices through the generation of valves, pumps, flow sorters, filters and mixers [18] .
Multilayer Polymer Films
Thin film actuators are based on a bilayer principle, in which two materials respond differently to a chosen stimulus [19] . Such bilayers are commonly comprised of a metal and conducting polymer, such as a gold/polypyrrole couple, where metal cations are inserted into the polymer upon reduction and removed when the polymer is oxidised [20, 21] . Depending on the doping regime in the conducting polymer, a positive bias usually generates the oxidised state, leading to an increase in volume. Application of a negative bias can then result in actuation of the material. The oxidation rate of the polymer can be controlled by variation of the applied voltage. These properties result in a wide variety of applications for conductive polymer actuators, such as artificial muscles [22] , biomedical devices [23] , microfluidics [24] and novel actuators [25] [26] [27] . A pertinent example by Smela et al. [21] demonstrates an electrochemically driven conducting polymer bilayer, based on a doped gold/polypyrrole bilayer fabricated via reactive ion etching (RIE) (shown in Figure 1 ), which can be used as a hinge to move silicon plates.
Figure 1. Manufacture schematic: (i) patterned etch mask applied for RIE, (ii) RIE etch to define SI plates, (iii) deposit of SiO 2 , (iv) deposit of Cr and Au, (v) deposit and pattern of PPy, (vi) pattern of Cr and Au, (vii) finished etching, (viii) free plates and hinge by etching SiO 2 (Adapted from Smela et al. [21]).
The actuation speeds and lifetime of these Au/PPy-DBS electroactive bilayer hinges, which operate in a voltage range of 0 to -1 V, are extremely reliant on the thickness of the bilayer, and hampered by the possibility of delamination. These disadvantages were significantly outweighed by the high strength, low required voltage and the control of actuation observed (Figure 2 ). Such actuator hinges are envisioned for lab-on-a-chip applications where they can be used to control sealable lids over silicon etched cavities to capture cells. ( Adapted from E. Smela [28] ).
Figure 2. Schematic image of Si plate rotating on PPy/gold hinges; a) Bilayer PPy is reduced, plate lies flat. B) Bilayer PPy is partly oxidized, plate rotates out of the plane. (the electrochromic PPy is oxidised in both)
The scope of this research has been further developed with alternative materials to broaden potential applications in microfluidic devices, in the work undertaken by Tanaka et al. [29] . They report an electroactive polymer-based micro-stop valve occupying a small space on a microchip. This valve was achieved by taking advantage of the controlled deformation of the electroactive polymer by an applied voltage. The valve, created by positioning the electroactive polymer film membrane between two 5 µm thick soft electrode sheets, was placed on top of a 500 µm glass microchannel using a silicon rubber diaphragm ( Figure 3 ). The flow in the microchannel produced by constant pressure from a microfluidic controller (under 4.0 kPa) was completely stopped within 1s by applying an electric field of 60 V/µm. [29] ).
Another microfluidic actuator has been developed using a hybrid device consisting of an electroactive polymer within an electro-adaptive microfluidic (EAM) system. Recent investigations resulted in an EAM device which consisted of a five layer acrylic dielectric elastomer (VHB TM tape), single walled carbon nanotubes (SWCNT) and a 60 µm casting layer of PDMS to protect the electroactive polymer. A microfluidic channel made of PDMS, as seen in Figure 4 , was attached to the electroactive polymer by oxygen plasma bonding. This multi-layered actuator allowed for modulation of the shape and dimensions of a microfluidic channel with the applied bias voltage, and a consequence permitted fluidic resistance alteration. This type of hybrid device can combat clogging issues in microfluidic systems, used for self-clearing channels, or provide design flexibility via tunable channel geometries [30] . 
Soft actuators -Hydrogels
Hydrogels are an alternative to thin films, considerably more exploited in microfluidics, mainly due to their ease of fabrication and integration and also to their compatibility with aqueous media [13, 18, 31, 32] . Due to the hydrophilic character of hydrogels, strong associative interactions between polymer chains and water molecules occur, resulting in a high degree of water absorption (up to 95% of total mass) [13, 33] . As the swelling of the hydrogel is a diffusion-controlled process, the microfluidic systems provide an ideal platform to demonstrate hydrogel functionality, as the micro/nanoscale dimensions considerably reduce water the diffusion pathlengths, thereby improving actuation kinetics that in some cases can reduce hydrogel response time from hours to seconds [34, 35] .
The capability of a hydrogel to absorb water can be altered through the introduction of competitive hydrophobic segments inside the hydrophilic network. These hydrophobic segments facilitate polymerpolymer interactions, causing the polymer to collapse and expel water molecules. Thus, the capacity of a hydrogel to absorb water relies on competing polymer-polymer and polymer-water interactions which are strongly dependent on the ratio of hydrophilic to hydrophobic segments present in the macromolecular network. When the hydrophilic interactions dominate, the polymer interacts with the surrounding water molecules through hydrogen bonds and the hydrogel swells due to water ingress ( Figure 5(a) ). Conversely, when hydrophobic interactions dominate, the polymer-polymer interactions are increased, causing the hydrogel to shrink ( Figure 5(b) ). Therefore, by varying the ratio between the hydrophobic/hydrophilic segments inside the macromolecular network, the shrinking/swelling behaviour of the hydrogel can be easily controlled ( Figure 5 ).
Conveniently, the hydrophilic/hydrophobic character of many polymers and chemical groups can be altered by applying different stimuli, such as temperature, pH, electric fields or light, among others [36, 37] . 
pH-induced actuation
pH responsive hydrogel systems have multiple potential applications in the biomedical [38] , environmental [39] and drug delivery fields [40, 41] . pH responsive hydrogels change volume when exposed solutions of differing pH. Such polymeric materials are generally composed of monomeric units which carry an acidic or basic group in their structure; such as carboxyl or amine groups. The effective pH is determined by the pK a of the pH responsive sensing material within the hydrogel. Around this pH, the responsive material will ionize through protonation/deprotonation, resulting in an alteration of charge on the polymer chain and thus causing a change in the balance of polymer/waterpolymer/polymer interactions thereby modulating the physical size of the hydrogel. A variety of pH responsive hydrogels have been developed to date, based on maleic anhydride (MA), methacrylic acid (MAA), N,N-dimethylaminoethyl methacrylate (DMAEMA) and acrylic acid (AA), among others [42, 43] .
Beebe et al. [13] found that by clever design, a dual hydrogel system can simultaneously sense a chemical environment change in one channel and control the flow in a separate channel. In this work the hydrogels were composed of poly(2-hydroxyethyl methacrylate-co-acrylic acid) (p(HEMA-AA)) and poly(2-hydroxyethyl methacrylate-co-(dimethylamino)ethyl methacrylate) (p(-HEMA-(dimethylamino)ethyl methacrylate)) and were used to control the direction of the flow based on the pH of the fluid passing inside the channel (Figure 6 ). At pH 7.8, the p(HEMA-(dimethylamino)ethyl methacrylate) hydrogel on the right expands to the walls of the channel constricting fluid flow while the hydrogel on the left is contracted resulting in the flow being directed down the left channel. Oppositely, at a pH of 4.7, the flow is directed down the right branch as the p(HEMA-AA) hydrogel on the left has expanded and the hydrogel on the right has contracted. When the pH of the solution is ~6.7 both hydrogels expand blocking the channels and preventing any fluid flow. This work resulted in the successful demonstration of a "self-regulated flow sorter".
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In the same study a second microfluidic system was created, using the same pH-responsive materials (acrylic acid, 2-hydroxyethyl methacrylate and ethylene glycol dimethacrylate) to work as a shut off valve to control flow. The shut off valve design was composed of an upper and lower section, separated by a conformable membrane, with the hydrogel occupying the upper area and an aqueous solution occupying the lower area. When the hydrogel was exposed to solutions of varied pH, expansion or contraction was observed. The hydrogel expansion resulted in the application of sufficient pressure being placed on the deformable membrane to cause it to close the channel below, thus blocking the flow ( Figure 7 ). 
Thermo-induced actuation
Thermo-responsive materials have greatly impacted research into actuating materials with many possible applications such as drug delivery [40, 43, 44] , chromatography techniques [45] , biomedicine [46] [47] [48] being explored. The thermo-response arises from a shift in the hydration forces which occur between the polymer chains and the aqueous medium, at temperatures close to the lower critical solution temperature (LCST) of a polymer [49] . At temperatures below the LCST the dominant interactions taking place are hydrogen bonding between the hydrophilic sections of the polymer chain and water. This results in water uptake and the polymer chains are elongated with negligible internal stresses. When the polymer is in a temperature environment above the LCST, hydrophobic polymer-polymer interactions become dominant and hydrogen bonding and hydrophilic interactions weaken, resulting in aggregation of the linear chains into a globular form, due to expulsion of water with a concomitant decrease in the physical size of the hydrogel [50] . An important consideration for a thermo-response is the presence of both hydrophilic (i.e. amide, carboxyl etc.) and hydrophobic (i.e. alkyl, aryl etc.) groups in the polymer structure. Some of the most studied thermo-responsive materials include poly(N-isopropylacrylamide) (p(NIPAAm)) [43, 48, 50] , and copolymers such as poly(2-(2-methoxyethoxy)ethyl methacrylate-cooligo(ethylene glycol)methacrylate) [51] .
pNIPAAm hydrogels exhibit a negative volume change in response to increase in temperature, i.e., the pNIPAAm hydrogels shrink as the temperature increases above the LCST associated with the volume phase transition. Below the LCST (32 °C), the pNIPAAm polymer chains are soluble in water. Above the LCST, they become increasingly hydrophobic and insoluble, leading to precipitation. The thermal transition of pNIPAAm hydrogels is generally considered to be a competitive result of the hydrophobic interaction of pendant isopropyl groups and polymer segments (polymer-polymer interactions) and the hydrogen bonding association between amide groups and water molecules (polymer-water interactions). pNIPAAm gels are being increasingly used in microfluidic systems as microscale valves. Two possible valve systems containing pNIPAAm gels have been produced by Wang et al. [52] which require no mechanical parts and exhibit minimal dead volume. The first example shows gel actuators which were fabricated outside the channel and compressed into a 1.2 mm diameter Teflon tm tube (Figure 8a ). Following this, the Teflon tm tube was placed on a heater (58 °C), causing valve contraction, thereby opening the tube and allowing for the flow of fluid. The closing time of the hydrogel valve was about 4.5 s, and it was found to be independent of the plug's length as it relies on the local swelling of the upstream end of the gel plug. Average opening times were 5s and 12 s, when the hydrogel length was 300 µm and 1500 µm, respectively. This size dependency is due to the fact that the entire length of the gel plug must de-swell, and the excess water must be expelled through the gel's length, before the fluid can flow through the tube. A second design was fabricated (Figure 8b ), in order to improve valve performance and tolerance. [52] One important advance in this field is the in-situ polymerisation of hydrogels within microfluidic devices. In the work by Giger et al. [33] , a p(NIPAAm) based polymer matrix was photopolymerised using UV-light within an injection-molded channel. The thermal response was investigated for both on and off-chip actuation. Off-chip actuation involved the manual movement of the device on/off an aluminium hot plate set at 45 °C. On-chip actuation was made possible through the use of "on-chip" micro-heaters. In both cases, when the heat supplied to the systems reached a temperature at or above the LCST of p(NIPAAm), the polymer matrix contracted in volume, and the off-chip and on-chip opening times were ~3 s. Off-chip reclosing of the channel took ~20 s compared to ~5 s for on-chip reclosing . The results demonstrate that incorporation of micro-heaters into the microfluidic device can enable fast actuation and successful repeatability when compared to the manual off-chip method [33] . Recently this ability to use thermo-responsive hydrogels in autonomous microfluidic systems with little or no human intervention has been further improved through the work of Agarwal et al., [53] through their work on "autonomously-triggered on-chip microfluidic cooling devices". They integrated a thermally-responsive polymer material at the axle of a nickel impeller with the purpose of controlling the impeller rotation autonomously. This study employed p(NIPAAm) as the thermally-sensitive actuation material in a microfluidic system which comprised microchannels, an on-chip cooling reservoir, an external heater and an external magnetic stirrer (Figure 9 ). At temperatures above the LCST, the polymer material contracted, enabling the rotation of the impeller and allowing fluid flow from the reservoir to cool the system. The opposite phenomenon was observed below the LCST, when expansion of the hydrogel prevented the Ni impeller from rotating. Integration of this thermo-responsive hydrogel into the aforementioned system as an actuator therefore provides the basis of autonomously-triggered on-chip microfluidic cooling device that could have applicability in a number of scenarios where on-chip temperature control and regulation is necessary. 
Photo-induced actuation
Light-driven responsiveness in polymers is normally achieved through the inclusion of a photochromic molecule, either by non-covalent doping or covalent attachment. When the photochromic unit is exposed to light of specific wavelengths [54] [55] [56] [57] [58] it exhibits an isomerisation change between two or more isomers that can have dramatically different properties (e.g. polarity, hydrophilic/hydrophobic character, geometry, charge density), that in turn can affect the properties of the surrounding polymeric matrix. Many photochromic molecules have been studied, but three of the best-known are spirobenzopyrans (SP) [54-56, 59, 60] , azobenzenes [61, 62] , and diarylethenes [63] , all of which show reversible photochromic behaviour, transforming from one isomer to another when exposed to different wavelengths of light. Much research has been carried out into optimising the photo-response of these materials when incorporated into hydrogel matrices, for exploitation in microfluidic systems as valves, pumps, mixers and alternating the topography of surfaces [64] [65] [66] [67] . In addition to the development of the materials themselves (e.g. for optimisation of the photo-response kinetics), various polymerisation strategies have been investigated to enable the generation of precise micro-structures. Amongst them, the use of micropatterened light irradiation [68] enables specific hydrogels of different shapes and sizes to be polymerised using pre-designed photo-masks.
Sugiura et al. [69] first reported the use of photo-responsive hydrogels based on pNIPAAm as microfluidic integrated valves in acidic environments. The microfluidic platform presented was made of PDMS composed of three adjacent micro-channels, each with a micro-pillar around which the photo-responsive hydrogel was polymerized ( Figure 10 ). Using three micro-channels in parallel, enabled individual valve actuation without the interference of adjacent channels to be demonstrated. The polymer material was p(NIPAAm) functionalised with a spirobenzopyran (SP) chromophore, photo-polymerised in situ around the micro-pillars to form micro-valves ( Figure 10 ). In the dark, when SP-functionalised p(NIPAAm) is exposed to acidic conditions (e.g. pH 2-3), the following interactions occur: (1) the less hydrophilic colourless SP will transform to the more hydrophilic protonated, yellow coloured merocyanine (MC-H + ); (2) this triggers a conversion of the gel to a more hydrophilic configuration in which polymer-water interactions dominate; (3) the pNIPAAm-co-SP hydrogel expands as more water is drawn in through diffusion. When exposed to visible light, the hydrogel material contracts, as the MC-H + isomer reverts to the SP form, triggering precipitation of the pNIPAAm chains and expulsion of water from the gel.
To enable reversible actuation of this material, the hydrogel required an acidic environment (0.05 mM HCl). Each valve was tested separately and a reduction of 52% in diameter was obtained within 18-32 s of light irradiation. After a total of 120 s, the gel had contracted by 68% of the initial diameter due to photo-induced dehydration of the polymer chain. Although the shrinking response was fast, the reswelling of the gel needed more than one hour, in the 0.05 mM HCl solution [60, [68] [69] [70] [71] [72] .
Figure 10. Illustration showing three parallel micro-channels each containing a photo-polymerised hydrogel valve; individual valve actuation can be achieved without interference with adjacent valves. (a) channels before valve photo-actuation, (b) during photo-actuation and (c) represents the channel after photo-actuation (Adapted from Sugiura et al. [69]).
In order to improve the response time of p(NIPAAm-co-SP) hydrogels, ionic liquids (ILs) were introduced as plasticizers. Four different novel ionogels were used as photo-actuated valves in microfluidic manifolds. The spiropyran-functionalised ionogels were composed of pNIPAAm and phosphonium-based ionic liquids. The ionogels were photo-polymerized in situ, in micro-channels of a poly(methyl methacrylate) (PMMA) microfluidic device. Varying the ionogel composition meant that only one source of light was required for actuation ( Figure 11 ). The response and visible contraction observed was very fast (seconds), while the re-expansion remained relatively slow (minutes). As each gel opened the channel at different times, such device allowed independent control of multiple microvalves. In this work it was found that the anion present in the ionic liquids directly affected the photoresponsiveness of the ionogel and thus the actuation behaviour; i.e. the actuation kinetics could be controlled to an extent by varying the anion of the phosphonium IL, with the [NTf 2 ]
-exhibiting the fastest reponse. Although it was possible to reuse these valves, their long reswelling times and requirement for an acidic environment (0.1 mM HCl) made them a more appropriate candidate for single use devices [73] . 
b)-d) depending on the anion incorporated inside the ionogel, each valves opens after different times of light irradiation. (Adapted from
Benito-lopez et al [73] ).
Ziółkowski et al. [66] demonstrated an acrylic acid moiety incorporated into the backbone of p(NIPAAm)-co-SP could provide an internal source of protons, enabling photo-responsive hydrogel behavior at neutral external pH ( Figure 12 ). This study also investigated optimal acrylic acid:monomer ratio in the polymer, for improved light-induced volume changes. The study showed that these acrylic acid/spiropyrans modified gels (p(NIPAAm)-co-SP-co-AA ) could be used to make photo-controlled valves in a microfluidic system without the need for an acidic environment for reswelling [66] . In a related development, Dunne A. et al. [54] showed that the polymerisation solvent used can have a dramatic impact on the gel morphology, which also affects the light-induced actuation behavior of the resulting hydrogel.
Building on this research, Schiphorst J. et al. [67] further improved the actuation kinetics by varying the side chain on the spiropyran derivative. The improved formulation was then polymerised in-situ in a microfluidic channel to create a valve structure and exposed to blue light. Upon photoexposure for 1 min the hydrogel valves contracted, opening the micro-channel and allowing fluid to flow. When the light was removed, the hydrogel expanded, once again blocking the channel ( Figure  13 ). This process was seen to be successfully repeatable for several actuation cycles. This type of photo-actuation offers a scalable, reversible and non-invasive form of control in microfluidic devices, which requires no direct contact with the material. 
Magneto-induced actuation
Another mode of stimulation used to control stimuli-responsive hydrogels in microfluidics is the application of a magnetic field. Hydrogels responsive to magnetic stimuli can be created by replacing the polymerisation solvent with a colloidal solution that contains nanometer to micrometer scale magnetic particles. Examples include magnetorheological fluids or Ferro fluids [74] . When a magnetorheological fluid is exposed to a magnetic field, its viscosity will increase, directly affecting the mobility of the polymer chains and the shape of the hydrogel. Magnetic stimulation has shown to work best when coupled with a thermally responsive polymer, such as p(NIPAAm) based hydrogels. After incorporation into a pNIPAAm hydrogel, the magnetic particles adhere directly to the polymeric network. When these hydrogels are exposed to an Alternating Magnetic field (AMF), the magnetic particles begin to heat up, directly affecting the pNIPAAm polymer. When the temperature increases to above the pNIPAAm LCST , the hydrogel transitions to the less hydrophilic state, resulting in water expulsion and hydrogel volume contraction [75] . (Figure 14 ) [75] .
Similarly, Ghosh et al. [76] have successfully demonstrated a magnetic-responsive ON/OFF system to control flow. The polymer material was composed of a p(NIPAAm) based hydrogel incorporating ferromagnetic nanoparticles (Fe 3 O 4 ). Using oscillating magnetic fields a hydrogel contraction of ~80% was seen within 3 s of the magnetic field being applied. This study is consistent with the general rule that smaller scale hydrogel structures improve the kinetics of the actuation response. Most recently Hohlbein et al. have also presented a concept for on-demand self-healing elastomeric composites. Here, the magnetic nano-particles of different size, shape and composition were employed to act as nano-heaters, driven by a high-frequency AMF. This on-demand effect required very short times in order to 'self-heal' the elastomer, restoring its original shape [77] .
Among the stimuli-responsive materials proposed for microfluidic applications described above, several advantages and disadvantages can be mentioned for each. For example, one great advantage of pH-responsive materials is their internal response to the pH of the solution flowing inside the microchannel, without external intervention. Therefore, there is no need for the addition of external specialised equipment to control the actuation of such materials, as their response relies on localised pH changes. A disadvantage of pH-responsive materials however, is the specific working pH range (typically 3-5 pH units), meaning that they are non-universal and have to be designed towards a specific application.
Thermo-responsive materials on the other hand, commonly exhibit fast response times and are generally independent of the working solution. However, they require external heating elements, which represents a significant hurdle for integration. Moreover, the increase in temperature can affect the surrounding solution and this can become problematic for biomedical applications, for example.
It could be then proposed that photo-responsive materials are possibly the most applicable for integration in microfluidic devices, primarily due to the nature of their autonomous (non-contact, external) actuation and the ease of integration of LED light sources in the microfluidic device, if desired. This permits selective actuation of individual photo-actuators with minimal energy consumption.
Stimuli-controlled manipulation of synthetic discrete micrometer-sized "vehicles"
Controlled movement of micro "vehicles" offers many intriguing and beneficial opportunities in the microfluidics field. For example, in droplet based microfluidic devices, the high surface area to volume ratio results in high heat and mass transfer rates. Also, most droplet microfluidic chips allow for control over individual droplets, thus allowing them to act as micro-vessels which can be mixed or merged with other droplets, moved to desired destinations or even individually analysed. These properties allow the droplets to have a diverse range of applications including micro-vessels for chemical reactions, dynamic sensing, cargo transport and potential drug delivery units [78, 79] . This section will focus on the most popular actuation methods employed thus far for stimuli controlledmovement of synthetic "vehicles" (e.g. droplets, beads, gels). Although the majority of the actuation methods described to date were not explored in microfluidics, the same concepts could be applied to work within a microfluidic system. These "vehicles" could also be used to mimic biological vesicles, which transport nutrients in and out of cells through highly regulated pathways, for drug transport and targeted delivery.
Actuation of liquids in the form of synthetic "vehicles" offers many advantages over conventional laminar flow microfluidic systems, which rely upon the use of pumps and valves to control and direct flow, while stimuli-controlled droplet microfluidic systems allow for external manipulation of individual or multiple droplets simultaneously. These "vehicles" can act as microreactors, cargo-carriers, and can be used to transport or store volumes of reagents down to the picoliter range [80, 81] .
Actuation of droplets can be categorised based on two main mechanisms. The first mechanism (and the most widely used) involves control over the wettability of a substrate, such as polymeric plastics (e.g. polydimethylsiloxane (PDMS), poly(methyl methacrylate) (PMMA)), glass and silicon wafers, which allows for unidirectional movement of droplets over the substrate. One of the most popular droplet actuation methods based on this principle is known as digital microfluidics (DMF). In DMF small discrete droplets are transported across an array of individually addressable electrodes, by controlling the displacement of the droplet through localised control of surface polarisation and wettability. Additionally, many research groups have explored the use of different alternative stimuli such as light [82] [83] [84] [85] [86] [87] , temperature [88] [89] [90] [91] [92] [93] and magnetic stimuli [94] [95] [96] [97] [98] [99] for wettability control.
The second mechanism involves manipulation of the surface tension of a liquid. This allows controllable movement of droplets or other "vehicles" at the liquid/air interface. To control the surface tension of a liquid, surfactants are used. Through the asymmetrical release or alteration of the surface activity of stimuli-responsive surfactants, surface tension gradients can be created around the droplet. This in turn results in Marangoni flows, through which liquid spontaneously moves from areas of low surface tension towards areas of high surface tension. Thus, through contactless control over the surface tension of an aqueous solution, unidirectional movement of a droplet resting at the liquid/air interface can be achieved. This type of surfactant driven movement can be broken down into two main actuation mechanisms, either by addition of the surfactant to the aqueous medium or inclusion of the surfactant in the 'vehicle'. In the first approach, with stimuli-responsive surfactants dispersed in the aqueous solution, application of an appropriate stimulus to the surfactant alters its surface activity, which results in a change in the local surface tension. This in turn causes a flow of liquid towards areas of higher surface tension; any droplet or "vehicle" resting on the surface of the liquid will be consequently transported in the direction of the flow. In the second approach, the surfactant is contained within the "vehicle" itself and its asymmetric release is externally controlled, resulting in a surface tension gradient around the droplet, which triggers unidirectional droplet movement.
Actuation through localised changes in wettability
This concept involves moving droplets on a substrate to targeted areas, through changes in the wettability of the substrate. Numerous reviews and articles have been published in this area in the past decade which provide comprehensive overviews of the topic [79, 100, 101] . This section will focus on the "vehicle" movement mechanism and the different means for achieving "vehicle" actuation. Several applications will be mentioned and discussed.
Digital Microfluidics
In DMF, droplets are actuated on an array of electrodes which are individually addressable. Using this array of electrodes, a wettability gradient can be generated on the substrate by applying different voltages between adjacent electrodes. The droplet can be then moved along this electro-generated wettability gradient to a desired destination by continually altering the potential difference between neighbouring electrodes. The droplets are produced from reservoirs within the chip and they can be split, mixed with other droplets or simply used to transport cargo inside the chip [100] . There are two types of actuation mechanisms required for this mechanism; the first involves the initial generation of the droplets from a reservoir and the second is needed for movement of the droplets through the system. The two main methods of electro-chemical control over droplet formation and movement in DMF systems are dielectrophoresis (DEP) and electrowetting on dielectric (EWOD). Alternative actuation for DMF utilizes thermocapillary transport, surface acoustic wave transport (SAWS) and optical forces and magnetic forces [100, 101] .
Applications of DMF systems include bio-assays [102] , DNA applications, such as polymerase chain reactions (PCR) [103, 104] , separation and analysis of aminoacids, peptides and other biological molecules [105] , cell based assays [106] , proteomics [107] , and adaptive cooling of integrated circuits systems [108] .
• Electrowetting on dielectric
The phenomenon termed electrowetting on dielectric (EWOD) is one of the main forms of actuation associated with DMF. In EWOD the interfacial tension between an aqueous droplet and electrode is electrically altered in such a manner as to actuate the droplets across a series of electrodes. When a voltage is applied, the interfacial energy between the droplet and electrode surface is lowered, changing the wettability of the substrate [79, 100] . Voltage range varies greatly depending on the application, but typically the values lie between 0 -200 V [109] [110] [111] . For example a micro-sized droplet was split into two daughter droplets by applying a potential difference of 25 V between adjacent electrodes [109] . Interfacial energy directly affects the contact angle; by lowering the contact angle between the droplet and the surface, an interfacial energy gradient is created which actuates the droplet. By applying voltages to individual electrodes an interfacial energy gradient will be formed which the droplet follows [112] . In EWOD there are generally two possible set-ups, namely a single plate or a two-plate system. In a single plate (or open plate) system the droplet sits on a substrate, which contains both actuation and ground electrodes. The two-plate configuration is a closed system in which the droplet is held between two substrates. The top substrate contains a continuous ground electrode while the bottom layer houses the actuation electrodes. Figure 15 is a representation of a typical a) closed, b) open and c) operation of both open plate (single) and closed plate (double) DMF systems. In both cases the layer containing the actuation electrodes must be insulated and covered by a layer of hydrophobic material. The hydrophobic material ensures that the aqueous solutions do not wet the surface and thus form droplets; it also ensures that the droplets have a high contact angle with the substrate. Using the actuation electrodes this contact angle can be altered which can result in unidirectional movement of the droplet [112] . Adapted from [112] with permission from The Royal Society of Chemistry.
• Dielectrophoresis Dielectrophoresis (DEP) is one of the most popular techniques for the manipulation of droplets in DMF. DEP works by pulling (positive DEP) or pushing (negative DEP) a dielectric particle away from the actuation electrode. In a DEP driven system the particle does not necessarily need to a have a charge, as all particles will exhibit electrostatic properties when introduced to an electric field. Typical frequencies for DEP driven systems are between 100 Hz -10 MHz [113, 114] . In DEP the particles are subjected to a non-uniform electric filed, creating a dipole moment on the particle, that causes the droplet to be electrostatically pulled towards the actuated electrode. The size and uniformity of the droplets being formed in this manner depends on the magnitude and frequency of the applied voltage [115] .
Alternative methods for substrate droplet actuation
Many research groups have explored alternative methods for achieving droplet actuation on a solid substrate. Although DMF is a great tool for the manipulation of discrete volumes of liquids in microfluidics, the chip designs are complicated and energy is required to move the droplets. The following sections will focus on alternative methods which use various types of stimuli for moving droplets on a solid substrate.
• Photo-induced actuation Optoelectrowetting (OEW) has a similar mechanism to EWOD, however in OEW a photoconductive layer (generally amorphous silicon) is inserted between the dielectric layer and the electrodes layer. Droplet actuation is achieved when a voltage is applied across the insulating layer of the device. In darkness, the resistance of the photoconductive layer is high, resulting in the insulating layer receiving no voltage, meaning that the contact angle between the droplet and the substrate remains unchanged and therefore no actuation is achieved. Upon illumination, the conductivity of the photoconductive layer increases. This results in the insulating layer receiving the applied voltage. In this fashion the contact angle of the droplet can be controlled with light and actuation can be achieved [84] . When an optical beam is used to irradiate on one end of the droplet, the contact angle is reduced in such a way that the pressure difference between both ends causes the droplet to follow the light beam. This was firstly demonstrated by Chiou et al. [84] in 2003 when a droplet was successfully actuated using a 525 nm laser with intensity of 65 mW/cm 2 . The difference between an OEW device and a conventional EWOD device can be seen in Figure 16 . [84] .
Figure 16. Schematic of (a) conventional EWOD and (b) an OEW device. The major difference between the two systems is the photoconductive layer inserted between the electrode and insulating layer in an OEW device. Adapted from
Since Chiou and co-workers [84] successfully demonstrated photo-induced droplet actuation by using a photoconductive layer, many research groups have explored various means of photo-actuating droplets. Wereley et al. [85] developed a novel open-Optoelectrowetting (o-OEW) system which used a 670 nm laser with an intensity of 15 mW/cm 2 . Wereley's OEW system actuates droplets through photo-induced electrowetting of a substrate using a photoconductive layer, much like Chiou's device. However, in the chip designed by Wereley, all the electrodes needed for droplet actuation are contained within a single substrate. This open fluidic chip allows easier integration with additional components or chip extension.
Photo-induced actuation of droplets can also be achieved by creating photo-responsive surfaces. In this manner the hydrophobicity of the surface can be controlled through photo-stimulation. Various photo-responsive surfaces have been created by functionalising glass or polymeric surfaces with photo-sensitive units. Examples of widely used photo-sensitive molecules include spiropyrans and azobenzenes [87] . Under photo-irradiation these photo-responsive materials are reversibly switched between two isomers of different hydrophobic character and surface activities. When immobilised on surfaces, switching between the different isomers directly affects the wettability of the substrate allowing for photo-controlled droplet actuation. Rosario et al. [116] demonstrated actuation of water droplets across a rough and flat silicone surface coated with hydrophobic monolayers which contained photochromic spiropyrans. Under visible light, the spiropyran molecule was in its closed spiropyran (SP) hydrophobic state however upon UV light (366 nm) irradiation, the SP isomer was switched to the more hydrophilic merocyanine (MC) form, reducing the contact angle between the water droplets and the surface. Therefore unidirectional movement of the droplets was achieved through the use of UV/visible light generated wettability gradients.
Azobenzenes are another popular photochromic group, due to their reversible photoisomerization between cis and trans isomers. Azobenzenes were first used to control the wettability of a substrate by Siewierski et al. [117] in 1996. The paper describes two methods for preparing silicon surfaces coated with azobenzene monolayers. Irradiation of the monolayers with light of 354 nm resulted in the isomerisation of the azobenzene within the monolayer to the cis conformation. This resulted in a decrease in the contact angle between water and the substrate. The contact angle difference in the case of all the monolayers were in the range of 2º-9º and the results where repeatable. The greatest photo-induced contact angle change was observed for a film prepared by acylation and had pentyl terminal groups. Under ambient laboratory conditions (in trans configuration) the azobenzene monolayer film had a contact angle with water of 85º while after UV irradiation (cis configuration) the contact angle was lowered to 76º. Since 1996 there has been much interest in azobenzenes and many research groups have used them for photo-actuation. Oh et al. [118] achieved photo-controlled directional movement of an oil droplet on an azobenzene-terminated monolayer modified silica substrate. This was realised by photo-isomerizing the azobenzene unit from the cis (contact angle of 11º) to trans (contact angle of 24º) conformation through asymmetrical blue light (436 nm) irradiation. Movement of the light source allowed for continuous droplet movement. The direction and speed of the droplet was dependent on the steepness and intensity of the light gradient.
• Thermo-induced actuation Thermo-induced actuation provides an alternative method for controlling droplet movement on a substrate without chemical surface functionalization. This type of movement is known as thermocapillary transport of droplets. Droplet actuation is induced from the temperature variation which arises at the liquid/gas interface of the droplet, when placed on a solid substrate which has a temperature gradient. The temperature variation between the liquid/gas interfaces creates a surface tension (δ) gradient around the droplet from the warm (low δ) to the cool side (high δ). This asymmetrical gradient creates a flow within the droplet which applies a hydrodynamic force on the substrate. Since the solid surface is held in a fixed position it produces an equal and opposite force which actuates the droplet driving it to the cooler region [119] . Darhuber et al. [93] demonstrated that thermocapillary actuation can be used for droplet formation as well as moving droplets.
•
Magnetic-induced actuation
Magnetic-induced actuation of droplets is achieved through the use of magnetic materials in various forms. A popular approach is to use liquid marbles, which are aqueous droplets that are rendered completely non-wetting by coating with magnetic hydrophobic powders. Since the powders are hydrophobic they are immiscible with the droplet and therefore adhere to the exterior of the droplet. This results in a liquid droplet which does not stick to smooth substrates and can be manipulated using magnetic fields. Many research groups used iron or iron oxides micro-particles (due to their ferromagnetic properties) as the hydrophobic powders in order to create the liquid marble [94] . Zhao et al. [96] demonstrated magnetic manipulation of a liquid marble on a glass substrate by coating their droplet with highly hydrophobic Iron(III) oxide (Fe 3 O 4 ) and placing a magnetic bar at one end of a glass substrate. Droplet actuation was achieved by slowly moving the magnet towards the droplet until this began to move. The droplet could then be made to follow the magnetic bar (by slowly moving the bar away from the droplet) across the glass substrate. Zhao and co-workers also demonstrated that the marble particles could be pulled from the liquid by placing a strong magnet directly under the droplet on the glass slide. To prove this, the group coated a water droplet containing a blue dye with Fe 3 O 4 . Once the droplet was coated, the dye was not visible. When the magnet was placed below, the droplet's coating was attracted to the bottom of the droplet, hence showing the dye. When the magnet was removed, the Fe 3 O 4 nanoparticles quickly moved back to the exposed liquid to reform the liquid marble.
• Surface acoustic waves Actuation of droplets can also be realised using surface acoustic waves (SAWs). In this case, actuation is achieved by producing acoustic radiation pressure on the surface of the substrate. This leads to an internal flow within the droplet and to eventual droplet actuation [120] . Wixforth et al. [120] demonstrated actuation of a droplet across a piezoelectric chip through the use of SAW pumps. The chip was designed to have virtual beakers and channels which confined the liquid to the surface. Since the acoustic waves were electronically addressable they were able to act as programmable nanopumps. Another example of using SAWs to move droplets across a substrate was demonstrated by Guttenberg et al. [121] . Guttenberg developed a planar chip for polymerase chain reactions (PCR) and hybridization which utilizes SAWs for the movement of micro-droplets. The microfluidic device used had a planar piezoelectric Lithium niobate (LiNbO 3 ) substrate. The chip was chemically modified to produce high contact angles between the substrate and the droplet thus ensuring that the droplet movement was controlled through the SAW pump. The chip also contained thin film resistance heaters which provided the energy needed for the PCR reactions.
Actuation through localised changes in surface tension
This type of actuation in the microfluidic sector is a relatively new concept compared to actuation through changes in wettability and involves generation and transport of droplets across liquid environments.
To achieve actuation through localised changes of surface tension at the liquid/liquid, liquid/gas interface, surfactants have been used as these have the unique property of modifying the surface tension of a liquid [122] . Although many stimuli-responsive surfactants have been synthesised, only a small number have been used for actuation of droplets or other micro-vehicles [123] .
In the bulk of a liquid, the attractive forces between molecules are shared by all neighbouring molecules and no net force is felt as they cancel each other out. However molecules at the interface (liquid/gas, liquid/liquid) have no attractive forces been exerted from above, therefore they exhibit stronger forces between the nearest neighbouring molecules at the surface. This causes the molecules at the interface to contract forming a contractile layer (Figure 17 ). This contractile layer at the surface is known as the surface tension (γ). Certain molecules have special properties whereby they can imbed themselves at the interface and interrupt this elastic layer reducing the local surface tension. These molecules are known as surfactants. The term surfactant comes from surface active agents. Surfactants are molecules which are generally long chained amphiphiles which have a polar "head" and a non-polar tail. In an aqueous solution (below a certain concentration known as the critical micelle concentration (CMC)) the surfactant's polar head will interact with the polar molecules at the surface. This interaction will interrupt neighbouring attractive forces and lower the surface tension of the solution.
Fluid flows from areas of low to high surface tension (γ). This is known as the Marangoni effect. The Marangoni effect describes the mass transfer along an interface between two fluids due to a surface tension gradient. This causes convective flows in a bulk solution as well as inside of a "vehicle". The following sections describe systems which take advantage of this effect to achieve activation of droplets along the liquid/gas interface.
Surfactant saturated systems
A surfactant saturated system is one in which surfactants are dissolved in the solution up to their particular CMC. This ensures that the surfactant molecules are concentrated at the interface instead of forming micelles. Marangoni flow can be induced if the surface tension of a targeted area is controlled. In order to induce movement through changes of the surface tension, the surfactant's surface activity has to be altered. To control the surface activity, stimuli-responsive surfactants are used [124] . In this fashion, if the correct stimulus is applied to a targeted area of the system, Marangoni flows can be induced on demand. Photo-responsive surfactants have been used to externally control the surface tension of aqueous solutions. Direct irradiation of a targeted area is relatively simple and wavelengths can be tuned for particular molecules. Photo-responsive surfactants possessing two isomers with different surface activities have been shown to work in this fashion. Unidirectional movement of a micro-vehicle resting on an aqueous solution that contains photo-sensitive surfactant is achieved by irradiation of a specific area around the vehicle. This breaks the surface tension symmetry around the droplet and creates the Marangoni-like flows which drive the droplet either away or towards the light source. An example of a photo-switchable azobenzene surfactant (AzoTAB) is shown in Figure 18 .
Figure 18. Photo-induced confirmation change of AzoTAB between its two isomers: from trans (high γ)
and to cis (low γ). Adapted from [125] with permission from The Royal Society of Chemistry.
Diguet et al. [126] demonstrated photo-triggered movement using an oleic acid droplet resting on an aqueous solution containing the AzoTAB surfactant ( Figure 18 ). The droplet of oleic acid can be moved by irradiating half of the droplet with either 365 nm or 475 nm light. When the AzoTAB surfactant is exposed to 365 nm of light, it is made to isomerise to its cis configuration. In this configuration the AzoTAB has a higher surface tension (8 mN m -1 ) than in the trans configuration (7 mN m -1 ). Therefore, when half of the droplet was illuminated with 365 nm light it was made to follow the light source as the surface activity of the surfactant was higher compared with the non-irradiated section. When the droplet was irradiated with light of 475 nm, the AzoTAB isomerised to its trans configuration and thus lowered the surface tension of the solution, which resulted in the droplet being repelled by the light.
In order to achieve continuous droplet movement, the droplet was followed with the light source or trapped using a trap consisting of both light wavelengths (365 nm and 475 nm). Multiple droplets were also manipulated in a petri dish in this fashion.
Photo-actuation can also be used to control the flow within a microfluidic system. Recently it was demonstrated that the AzoTAB surfactant could be used to change the flow in a microfluidic system from laminar to segmented flow (droplets) [125] . Initially the system had a two-phase flow, one flow was aqueous (which contained the AzoTAB surfactant) and the second was an oil phase. When the aqueous phase was illuminated with light of 365 nm, the AzoTAB isomerised to its cis configuration and the interfacial energy of the aqueous solution on the substrate was increased which fragmented the solution into monodisperse droplets (Figure 19 ). When the light source was removed, the flow returned to laminar. This was a reversible process and the flow was successfully switched multiple times in the same experiment [125] . A recent study by Toyota et al. [127] demonstrated an autonomous droplet which spontaneously moved once placed in an aqueous solution in which "fuel" surfactant had been dispersed. The surfactant used was (N-(4-[3-[trimethylammonio]ethoxy]benzylidene)-4-octylaniline bromide) while the droplets contained a catalyst which hydrolysed the surfactant. The self-propelled movement of these droplets can be described in three stages. The first stage involves the hydrolysis of the "fuel" surfactant at the surface of the oil droplets (which contained the catalyst). During the hydrolysis of the "fuel" surfactant there was a fluctuation of the rate of hydrolysis and this caused a symmetry-breakage of all the potential reactive sites on the surface of the droplet. This resulted in the hydrolysed product being accumulated at the most reactive sites. The second stage involved an imbalance of interfacial tension being created between the side of the droplet which accumulated the product and the side of the droplet which did not accumulate any product. Because of this imbalance of interfacial tension, lateral movement of the hydrolysed product was created on the surface of the droplet. The hydrolysed surfactant did not dissolve into the initial droplet since it was lipophilic and instead it aggregated to form small waste droplets. As a consequence, the waste droplets grew in size until they became too large and were subsequently released from the droplet (Figure 20) . The interfacial energy of the leading edge of the droplet was lower than the waste covered trailing edge, creating interfacial dynamic fluctuation. This fluctuation combined with the accumulation and release of product resulted in the self-propelled motion of the droplets. In the final stage the leading edge of the droplet would pick additional fuel surfactant which was then converted into the lipophilic product as the droplet moved. This continuous collection and hydrolysis of the fuel surfactant further fed the interfacial imbalance and created internal convection inside the droplet, thus sustaining droplet movement. As long as there was "fuel" surfactant within the aqueous solution and the catalyst inside of the droplet was active, the droplet would continue to move. Although in this paper the system is not in a micro-channel nor is it controlled by external stimuli, this report opens up new avenues for stimuli-responsive actuation in a micro-channel. If a chemical reaction can be triggered by external stimulation then precise unidirectional movement can be achieved. Jitka Čejkova et al [128] recently reported a simple decanol droplet system which is capable of mimicking a variety of biological process including reversible chemotactic movement, the ability to detect and move towards the strongest source of chemoattractant, stimuli responsive chemotactic movement and delivery of chemical cargo. In this study the decanol droplet is able to sense and move across aqueous solutions of sodium deaconate in the direction of NaCl gradients (Figure 21 ). The chemotactic movement is a result of Marangoni type convection forces developed as a result of interfacial tensions gradients caused by the addition of NaCl. As the NaCl diffuses into the aqueous solution, it dilutes the amount of sodium deaconate molecules thus raising the surface tension of the solution resulting in a surface tension gradient leading to the source of addition. When no NaCl source is present in the system the decanol droplets move in random motion, this is due to the dissolution of the droplet itself into the aqueous solution (decanol is a weak surfactant). To achieve reversal chemotactic movement of the decanol droplet, the group developed a system of time delayed additions of salt ( Figure 21 ). This ensures that a stronger NaCl gradient was created with each new addition, which led to the droplet moving to the new site.
To test whether the droplet would travel towards a stronger source of chemoattractant, the group dissolved varying concentrations of NaCl in nitrobenzene. This had the added advantage that the gradient could be maintained for longer due to the immiscibility of the nitrobenzene with the aqueous solution. To test whether the droplet would "choose" a chemoattractant source based on strength, a simple maze channel was designed, where in one end of the channel a nitrobenzene droplet containing 10 µmol of NaCl was placed and at the other end of the channel a droplet which contained 50 µmol was placed (Figure 22) . In every run the droplet always chemotactically moved towards and merged with the most concentrated NaCl source. To demonstrate stimuli-responsive chemotactic movement the group encapsulated small NaCl salt crystals in paraffin particles which had a melting point of 42 ºC. When the paraffin particles were placed into a solution of sodium deaconate below this temperature, no chemotactic movement was observed. However when the area around the wax particles was locally heated to above this temperature, the wax melted and slowly released the salt crystals which dissolved into the aqueous system and resulted in the chemotactic movement of the decanol droplets.
Finally the authors tested whether it was possible to carry and delivery chemical payloads. To do this, the decanol droplets where saturated with solid iodine which produced dark orange droplets. β-carotene was added to the nitrobenzene droplets which produced a red colour. The nitrobenzene droplet was placed at one end of a simple maze channel and the decanol droplet was placed at the start; once the decanol droplet chemotactically found and merged with the nitrobenzene droplet a green colour change was observed which indicated the iodination reaction of the β-carotene.
"Vehicle" contained surfactants
Movement of "vehicles" which contain the "fuel" surfactant is achieved by only releasing the surfactant upon external stimulation, as opposed to having the surfactant dispersed in the aqueous solution. This ensures that the surface tension is only modified around the droplet upon surfactant release, resulting in self-sufficient droplets. Vehicles that use this type of propulsion mechanism will continue to move as long as both the stimulus and the surfactant are present in the system.
Grzybowski et al. demonstrated this effect by developing smart droplets which were capable of solving complex mazes through the triggered release of a pH sensitive surfactant [129] . The surfactant used was 2-hexyldecaonic acid (HDA). When the HDA was subjected to a basic solution it was deprotonated to a more surface active form, DA -. The surfactant was contained within an oil or organic solvent such as dichloromethane. The droplet was able to solve the maze by following a pH gradient. This was achieved by filling the maze with a basic solution (pH 12) and placing an acidic gel at the end of the maze, creating a pH gradient. When the droplet was placed at the start of the maze (high pH) the surfactant diffused out of the droplet into the solution. Since the pH was higher behind the droplet than in front of it, more DA -was generated behind the droplet (Figure 23 ). This created a surface tension gradient around the droplet, which in turn generated Marangoni like flows in the solution and also within the droplet. These flows pushed the droplet towards the area of highest surface tension, which was the exit of the maze (location of the acidic gel). As the droplet approached the exit of the maze it began to slow down as the concentration of DA -decreased due to the lower pH of the solution. However, as there was always a higher concentration of the DA -behind the droplet, the surface tension gradient was maintained, driving the droplet towards the exit of the maze. Using the same droplet composition, self-dividing droplets were also demonstrated [130] . These self-dividing droplets were highly pH sensitive and only divided if placed on a highly basic solution. Actuation in this instance was very similar to the previous example, however in this case the uneven distribution of the DA -caused the droplet to spin and pull in different directions which eventually lead to droplet splitting. An interesting application for this mechanism was cargo distribution. If cargo was placed within the initial droplet, upon splitting it was observed that the cargo was distributed evenly among the newly formed daughter droplets.
Lopez et al. [131] demonstrated that propulsion of a micro-boat could be achieved by incorporating an ionogel which was soaked in ethanol, into the boat design ( Figure 24 ). When placed in water, the boat moved spontaneously in random directions. When the ionogel touched the water, ethanol molecules were expelled from the ionogel matrix at the rear of the boat and replaced with water molecules. The large difference in surface tension between water and ethanol caused an asymmetrical surface tension gradient between the end and the front of the boat, causing the boat to move in a forward motion. Lopez and co-workers explained that speed and direction of the boat was controlled by the size of the ionogel and stated that with larger gels speed increased while directional control decreased. Using smaller ionogels resulted in slower boat speeds with increased control over directional movement, probably due to release of less surfactant. Luo et al. [132] have demonstrated surfactant driven actuation by developing a micro-boat which contained a reservoir to hold the surfactant, namely isopropyl alcohol (IPA). When the boat was placed on water the surfactant left the boat and interacted with the water behind the boat, lowering the surface tension, and causing propulsion of the boat. The boat could travel up a 94.5 cm long channel with speeds of up to 10 cm s -1 . The volume of surfactant (in the boat) and the volume of water (in the channel) both determined the speed of the boat as the propulsion force of the boat was dependent on the concentration of the IPA. During the experiments, water from the channel would enter the reservoir, thus reducing the concentration of the IPA, which in turn reduced the surface tension drop and lowered the speed of the boat. The "toy boat" mechanism by which a small cardboard boat could be propelled on water by adding a small amount of surfactant (hand soap) to the rear of the boat [133] , inspired this type of surfactant driven synthetic vehicle. However, this effect is short lived as the small amount of surfactant is quickly depleted and since the surfactant will remain at the surface of the water, the surface tension will no longer be modified by supplementary surfactant addition.
Sen et al. [123] described a novel method for vehicle movement in which the surfactant (needed for propulsion) was produced via a chemical reaction. These vehicles contained the polymer poly(2-ethyl cyanoacrylate) (PECA) which is an FDA approved polymer. When placed in a basic solution (1M NaOH) PECA underwent a deesterification reaction, which resulted in rapid depolymerisation of PECA producing smaller molecules (ethanol) which were surface active ( Figure  25 ). Pipette tips were used as the vehicle in this study. One end of the tip was sealed with PDMS, which ensured that the chemical reaction could only occur at the open end of the pipette tip ( Figure  26 ). The ethanol produced lowered the surface tension of the solution behind the pipette tip thus breaking the surface tension symmetry, which produced Marangoni like flows and propelled the vehicle forward (Figure 26 ). The vehicles in this study were capable of self-generating surface tension gradients while unidirectional movement was assured as the chemical reaction could only occur at one end of the tip. This type of "propulsion" mechanism also allowed for actuation in various media such as salt solutions and artificial serum. This was achieved by coating ion exchange beads with PECA; the ion exchange beads actively released OH -ions which triggered the depolymerisation of PECA, thus promoting vehicle "propulsion". The asymmetrical coating of the PECA again ensured that unidirectional movement was achieved. Ban et al. [134] have shown the self-propelled motion of oil droplets at neutral pH. The droplet used in this study contained the surfactant di(2-ethylhexyl) phosphoric acid (DEHPA). These droplets showed autonomous random movement due to Marangoni like flows created from the release of the DEHPA surfactant. As the pH of the aqueous solution was increased, the DEHPA was deprotonated, and its release form the droplet caused a decrease in the interfacial tension between the droplet and solution. This created circulating flow within the droplet. The motion of the droplet was maintained due to the cycle of deprotonated DEPHA being released into the aqueous phase and protonated DEPHA being supplied to the interface from within the droplet (Figure 27 ). Since the movement of the droplet was dependent on the deprotonation of the DEPHA surfactant, it was switched on and off by controlling the pH of the aqueous solution. Below pH 6 the droplet did not move due to DEPHA not being deprotonated (and not being released). Above pH 6 the droplets would move spontaneously. However, the movement of the droplet was random and the direction was solely based on how the droplet was placed on top of the solution. Using the DEPHA surfactant, Ban et al. [135] demonstrated self-propelled droplets which moved in the direction of a higher concentration of heavy metal ions. In this study, Ban and coworkers again used an oil droplet which contained the DEPHA surfactant. However, two stimuli were used to control the movement of the droplet. Firstly, adjusting the pH to achieve droplet mobility and secondly creating metal ions gradients to move the droplets in a unidirectional fashion.
The self-propelled motion of the droplets remained the same as in the previous example. However, the movement of the droplets towards higher concentrations of metal ions can be explained as follows; when the oil droplet was placed on a solution with a pH above 6, the interface of the droplet was covered with negatively charged DEPHA molecules. These negatively charged molecules served as receptors for positively charged metal ions in the aqueous phase. When a gradient of metal ions was present in the solution, a DEHPA-metal complex was formed at the interface. When this complex was released into the aqueous solution, it created a surface tension gradient around the droplet. This caused Marangoni like flows which drove the droplet towards the area of highest concentration of metal ions. The speed of the droplet was controlled by adjusting the pH of the solution accordingly.
In a different approach, Florea et al. [136] demonstrated unique "photo-chemopropulsion" mechanism for droplet movement. The lipophilic droplets in this study were composed of the pH sensitive surfactants HDA and Chromoionophore I (CI) in DCM. Within the droplet, the weak acid HDA was deprotonated to DA -through interactions with the weak base CI, which resulted in production of CI-H + , a very efficient cationic surfactant. This surfactant associated with the DA -to form the salt [CI-
The term photo-chemopropulsion was used as the release of the surfactant CI-H + was controlled by altering the pH of the aqueous solution using a white light source. When the pH of the solution on which the droplet was resting was lowered below the pK b of the DA -, the CI-H + surfactant was released from the droplet into the aqueous solution ( Figure 28 ). Once released, the surfactant altered the surface tension symmetry around the droplet and created Marangoni like flows which drove the droplet away from the light source. The authors stated that the rate of the pH change can be controlled by the light intensity, producing droplet unidirectional movement with speeds up to 4000 µm s -1 . Florea and co-workers were able to control the pH of the aqueous solution by using an acidic photocromic molecule, namely a sulfonic acid spiropyran derivative (SP-SO 3 H). Dissolution of SP-SO 3 H in the aqueous solution resulted in the dissociation of the sulfonic acid and the ring opening of the SP to form an equilibrium mixture of two merocyanine (MC) forms, protonated merocyanine (MCH + -SO 3 -) which is the predominant form, and deprotonated merocyanine (MC-SO 3 -). When the white light source was introduced, the MC-SO 3 -and MCH + -SO 3 -were converted back to the spiropyran sulfonate (SP-SO 3 ) form, releasing a proton (H + ) in the process (Figure 29 ). This in turn caused the pH of the aqueous solution to drop from about pH 5 to around pH 3.4. Therefore, the authors were able to precisely control the pH (5.0 to 3.4) of a specific area of the solution, causing on demand surfactant release from the droplet to the aqueous solution. Using this method Florea and co-workers were able to achieve contactless control of the speed and directional movement of the droplet using only a white light source. [136] .
Another system in which the surfactant is contained within the "vehicle" is based on Ionic liquids. Francis et al [137] demonstrate the chemotactic movement of ionic liquid droplets, specifically droplets of trihexyl(tetradecyl)phosphonium chloride ([P 6, 6, 6, 14 ] [Cl]). These ionic liquids were designed to move across the air/liquid interface and the motion was controlled by the triggered release of the [P 6, 6, 6, 14 ] + , which is a very efficient cationic surfactant and a constituent of the IL droplet ( Figure 30 ). [P 6,6,6,14 ] [Cl] in solutions of 10 -2 M NaOH and 10 -2 M HCl. Reproduced from [137] .
When the surfactant diffuses from the droplet into the aqueous phase it resulted in a drop of the local surface tension. The rate at which the surfactant was released depended on the solubility of the closely associated counter ion within the IL, in this case Cl -. Any transfer of the Cl -ion must be balanced by an equivalent transfer of [P 6, 6, 6, 14 ] + in order to maintain overall charge neutrality within the droplet. The rate of release of Cl -was, in turn, dependent on the local aqueous Cl -concentration at the IL/aqueous boundary. Therefore when a droplet of [P 6,6,6,14 ] [Cl] was placed onto a aqueous solution, which had an imposed Cl -concentration gradient, there was a differential release of [P 6, 6, 6, 14 ] + from the droplet into the aqueous solution. This resulted in the formation of an asymmetric surface tension gradient around the droplet, generating Marangoni like flows and driving the droplet from areas of low surface tension to high surface tension (Figure 31 ). [137] .
In this study Francis and coworkers demonstrated multiple ways to generate the required Cl -gradients, however the generated gradients are short lived and quickly come to equilibrium. This means the droplets can only be moved to a single destination for a limited period of time unless a mechanism for dynamic creation of local gradients is employed.
Francis et al. [138] have recently reported electrotactic ionic liquid droplets, in which the mechanism for movement of these droplets remains the same as the previous example, but the Cl -gradients required for droplet movement are electrochemically generated using 3D printed electrodes embedded within the fluidic channels. In this paper, droplets of [P 6, 6, 6, 14 ] [Cl] were electrotactically moved across the air/liquid interface of 10 -3 M NaCl electrolyte solutions. When an external electric field was applied across an electrolyte solution, the mobile ions migrated towards their respective electrodes; i.e. anions towards the anode and cations towards the cathode, creating a Cl -concentration gradient along the channel. When a voltage was applied, a droplet of [P 6,6,6,14 ] [Cl] placed at the cathode asymmetrically released [P 6, 6, 6, 14 ] + and autonomously moved towards the anode. Upon reversing the polarity of the electrodes, the gradient was also reversed and hence droplet movement could be reversed. In addition to this, the droplets could be steered into side channels at junctions, by polarizing appropriate electrode pairs ( Figure 32 ). Electrotactic movement of the droplets allowed concentration gradients to be established and varied dynamically, and maintained for longer periods of time. This in turn enabled flexible control of microdroplet movement, introducing the ability to control the speed (depends on applied voltage), reversibility, and redirection into side channels. (3) and (1) . The droplet then begins to migrate toward anode (2) . G -Upon arriving at anode (2) the polarity of electrode (2) and (4) is reversed and the droplet moves towards the new anode (4) . H -Upon arriving at anode (4) the potential is again reversed and using a similar method to sequence F the droplet is returned to the starting position. I -L shows the process repeated in the same run. Reproduced from [138] , © 2016 Elsevier B.V. All rights reserved.
M solution of NaCl and a potential difference of 9 V is applied across selected electrodes A -The droplet is introduced B -D The droplet is propelled from cathode (3) to anode (1). E -The polarity of electrodes (3) and (1) is reversed and the droplet begins to move to electrode (3). F -As the droplet approaches the junction, the potential difference is applied between electrodes (2) and (4) and removed from electrodes
Actuation of micro "vehicles" through localized changes in surface tension offers unique unidirectional control. However, there are still many challenges to face, such as moving the "vehicle" to defined specific areas within fluidic channels. Ideally, the vehicles should be controlled in a contactless manner, they should move spontaneously and require as little energy input as possible to achieve actuation. There is currently a movement towards tactic, functional and reactive droplets. This can be achieved by looking to nature for inspiration and many groups are reporting droplets which have biomimetic qualities, such as acting as vessels for chemical reactions [139] , droplets with functional lipid bilayers [140, 141] , droplets which can mimic DNA transcription and translation [142] and even droplets which show self-reproduction [143] .
Li Sheng and Kensuke Kurihara [143] , for example, report a novel vesicle-formation system. In this autocatalytic system octylaniline oil droplets act as a scaffold to produce vesicles by direct addition of a water-soluble catalytic aldehyde to form self-reproducing oil droplets. These droplets can then be transformed into giant vesicles via a further addition of a hydrophilic membrane precursor. In the study the catalytic aldehyde and octylaniline are combined together as an oil phase and dispersed in an aqueous solution as oil droplets. A condensation reaction between octylaniline and the catalytic aldehyde produces a catalytic imine, which further catalyzes the condensation reaction ( Figure 33 ). Since this new catalytic imine is amphiphilic, its production resulted in more octylaniline being incorporated into the droplets from the aqueous phase, which in turn resulted in further reactions between the two precursors to produce more catalytic imine. During the reaction the oil droplets began to increase in size until they reached a certain size threshold (5 -25 µm), at this point they began to divide to produce smaller droplets (1 -5 µm) . This repeated growth and division indicated that in their system, the droplets maintained their composition and continued to produce the catalytic imine even after the division process ( Figure 34 ). Introduction of a hydrophilic membrane precursor into the system resulted in the formation of tubular giant vesicles (length of 50 µm). In the presence of the catalytic aldehyde, the octylaniline reacted with the hydrophilic membrane precursor to form vesicular membrane molecule ( Figure 35 ). This reaction occurs initially in the aqueous phase, and according to Sheng this reaction may be also be capable of self-reproducing. The vesicular membrane molecules are then taken up by the oil droplets and slowly replace the octylaniline molecules. This replacement results in the transformation of the oil droplets into tubular and spherical giant vesicles. This study is of great interest as these droplets have begun to mimic primitive metabolic activity and also shows signs of early evolution of the droplets into larger more robust vesicles.
Conclusions and Outlook
We believe that the use of stimuli-responsive materials in microfluidics forms the core of autonomous microfluidic-based analytical devices, which are of considerably lower cost compared to their etched silicon (glass) counterparts, more biomimetic in nature and offer increased adaptability. Although this chapter is focused on the use of stimuli-responsive materials for fluid movement at the microscale, it gives the reader an insight into how the incorporation of such materials into microfluidics can allow for additional tasks beyond the transport of reagents or samples.
In living organisms, the fluidics system (e.g. cardiovascular system) performs multiple complex functions (e.g. sensing, detection, repair, waste removal; pH and temperature stabilization) in addition to the transport of fluids. Such characteristics of biological systems could be transferred into microfluidics through the creative use of adaptive materials and chemistries, to enable fundamental breakthroughs in chem/bio-sensing device performance. However, the future of biomimetic microfluidics relies on convincing demonstrators and their application in real scenarios where advanced functions such as autonomous fluid handling, sensing, detection and repair of damage, selfmanagement and healing, could be demonstrated.
